Abstract. We present a study of 11 Li+ 208 Pb collisions at energies around the Coulomb barrier (E lab = 24.3 and 29.8 MeV), measured at the post-accelerated beam facility, ISAC II, at TRIUMF (Vancouver, Canada). A remarkably large yield of 9 Li has been observed, a result that is attributed to the weak binding of the 11 Li nucleus. The angular distribution of this 9 Li yield, relative to the elastic one, has been analysed in terms of first-order semiclassical calculations as well as four-body and three-body Continuum-Discretized Coupled-Channels (CDCC) calculations, based on a three-body and di-neutron model of the 11 Li nucleus, respectively. The calculations reproduce well the trend of the data and support the existence of a large concentration of B(E1) strength at very low excitation energies. The connection of this large B(E1) with a possible low-lying dipole resonance is discussed. , it has been possible to extend the study of stable nuclear reactions to neutron-and proton-rich nuclei. Such developments allow us to investigate the properties of the nuclear interaction, the reaction mechanisms and the nuclear structure of these particular systems, and assess the validity of the structure models developed for stable light nuclei (N/Z≈1) when the neutron/proton asymmetric increases. One of the most studied exotic nuclei is 11 Li (N/Z=2.7). This is an unstable system (τ 1/2 = 8.75(13) ms [2]), with a Borromean structure consisting of a 9 Li core surrounded by two-weakly bound neutrons (S 2n =369.15(65) KeV [3]), in which none of the binary subsystems (n-n or 9 Li-n) is bound. The remarkably large reaction cross section observed by Tanihata in 1985 for this nucleus, was interpreted by Hansen and Jonson as due to a high probability of the outermost neutrons to be at large distances from the 9 Li core, which they referred to as a halo structure [4] . A Glauber analysis of 11 Li elastic data on protons at intermediate energies yielded a matter radius of 3.62(19) fm [5], significant larger than that obtained in the same experiment for the 9 Li nucleus (2.43(7) fm). We can refer also to the halo size, which is estimated in the same reference as 6.54 fm, and is comparable to the size of the much heavier 208 Pb nucleus.
Introduction
Since the pioneering experiments with Radioactive Ion Beams (RIB) performed in the 80s at Berkeley by Taninata and collaborators [1] , it has been possible to extend the study of stable nuclear reactions to neutron-and proton-rich nuclei. Such developments allow us to investigate the properties of the nuclear interaction, the reaction mechanisms and the nuclear structure of these particular systems, and assess the validity of the structure models developed for stable light nuclei (N/Z≈1) when the neutron/proton asymmetric increases.
One of the most studied exotic nuclei is 11 Li (N/Z=2.7). This is an unstable system (τ 1/2 = 8.75(13) ms [2] ), with a Borromean structure consisting of a 9 Li core surrounded by two-weakly bound neutrons (S 2n =369.15(65) KeV [3] ), in which none of the binary subsystems (n-n or 9 Li-n) is bound. The remarkably large reaction cross section observed by Tanihata in 1985 for this nucleus, was interpreted by Hansen and Jonson as due to a high probability of the outermost neutrons to be at large distances from the 9 Li core, which they referred to as a halo structure [4] . A Glauber analysis of 11 Li elastic data on protons at intermediate energies yielded a matter radius of 3.62 (19) fm [5] , significant larger than that obtained in the same experiment for the 9 Li nucleus (2.43(7) fm). We can refer also to the halo size, which is estimated in the same reference as 6.54 fm, and is comparable to the size of the much heavier 208 Pb nucleus.
As a consequence of its weak binding, neutron-halo nuclei exhibit a large B(E1) strength at low excitation energies. In the case 11 Li, this has been experimentally confirmed by several Coulomb dissociation experiments in complete kinematics [6] [7] [8] [9] . Several theoretical calculations have also confirmed this low-lying large B(E1) strength [10] [11] [12] [13] [14] [15] [16] .
Due to this large B(E1) at small excitation energies, the 11 Li nucleus can be easily polarized (and eventually broken-up) by a strong external electric field, such as that produced by a heavy target nucleus. This can be understood because the 9 Li core, positively charged, will move in the field direction, while the weakly-bound neutrons of the halo will not be affected by the electric field. This effect shows up as a strong reduction of the elastic cross section with respect to the Rutherford cross section accompanied by a larger yield of break-up fragments. These effects have been observed and studied, for example, in 6 He+ 208 Pb reactions [17] [18] [19] [20] [21] . The study of collisions of weakly-bound nuclei provide a very valuable information on the structure of these nuclei and, in particular, on the B(E1) strength.
With the motivation of studying these phenomena in the case of 11 Li, in a recent experiment the elastic and inclusive breakup of 11 Li+ 208 Pb was measured for the first time at energies below (24.3 MeV) and around (29.8 MeV) the Coulomb barrier (V B ≈ 28 MeV) at the RIB facility of TRIUMF (TRI-University Meson Facility), in Vancouver (Canada) [15, 22] . The data revealed a remarkably large yield of 9 Li, presumably coming from the breakup of the projectile. The angular distribution of the 9 Li cross section, relative to the 11 Li cross sections, was compared with first-order semiclassical calculations, based on the theory of Alder and Winther for Coulomb excitation, and it was concluded that, in order to reproduce the magnitude of this observable, a very large B(E1) strength close to the breakup threshold was required, in qualitative agreement with the most recent Coulomb dissociation experiment [9] .
These conclusions were corroborated with more sophisticated four-body continuumdiscretized coupled-channels (CDCC) calculations, based on a three-body model of the 11 Li nucleus. Within this model, the large B(E1) close to the threshold is enhanced due to the presence of a dipole resonance, in agreement with some theoretical works [11, 12, 14] .
In this contribution, we describe the referred experiment and present additional calculations based on a simple three-body CDCC calculation, in which the 11 Li is described within a simple dineutron model, with an effective two-neutron separation energy. These calculations are compared with the semiclassical and four-body CDCC calculations presented in Refs. [15, 22] . Fig. 1 , the experimental set-up was composed by four silicon telescopes covering the angular range between 10°and 140°(see table 1 ). Each telescope system consists on two independent detectors: a thin detector, to measure the energy loss (∆E) by the nuclear reaction fragments, coupled to a thicker detector, to measure the remaining energy (E) deposited by the fragments. Such set-up allows us to separate different fragments in terms of mass and charge in a bi-dimensional diagram ∆E versus ∆E+E (see Figs. 2 and 3). The telescopes 1 and 2, covering the forward angles, were composed by a Double Sided Silicon Strip Detector (DSSSD), 40 µm thin detector, and a 500 µm thicker PAD detector. For the backward angles, a 20 µm thin Single Sided Silicon Strip Detector (SSSSD) and a 60 µm thicker DSSSD, were used to form the telescope 3 and 4. Each telescope system was divided into 16 vertical and 16 horizontal strips, that results on 256 pixels. In total, considering four telescopes, our detection system was composed by 1024 (3x3 mm 2 active area) pixels, which must be considered as independent detectors during the analysis procedure. To reduce the straggling energy effects, a thin 1.45 mg/cm 2 208 Pb target was used, which was positioned at 75°with respect to the beam direction (see Fig. 1 ). With these experimental conditions, data were accumulated during 82 hours for the incident energy below the Coulomb barrier, 24.3 MeV, and 119 h for 29.8 MeV incident energy. More details can be found in Refs. [23, 24] .
Experimental bi-dimensional diagram for the telescope 1 at the incident energy 24.3 MeV, integrated for the pixels corresponding to the angle 30°±1.5°. Experimental bi-dimensional diagram for the telescope 1 at the incident energy 29.8 MeV, integrated for the pixels corresponding to the angle 30°±1.5°.
In Figs. 2 and 3 , the data obtained in the reaction 11 Li+ 208 Pb below and above the Columb barrier are shown in the bi-dimensional diagrams ∆E versus ∆E+E for the telescope 1 integrating all pixels corresponding to the angle 30±1.5°. Two different processes, elastic scattering and break-up, are well distinguished.
Results and discussion.
The angular distributions of the differential elastic scattering and the break-up cross sections at the two measured energies (E lab =24.3 and 29.8 MeV) are presented in Figs. 4 and 5, respectively. The latter are represented in terms of the so-called breakup probability, defined as the ratio
where N BU (θ) and N Elast (θ) are the number of break-up and elastic events, respectively. The measured elastic cross section (Fig. 4) exhibits a very strong reduction with respect to the Rutherford prediction, even at energies well below the Coulomb barrier (V B ≈28 MeV). This behavior is mainly a consequence of the large breakup probability of the 11 Li nucleus, as confirmed by the large production of 9 Li observed in the experiment (see Fig. 5 ).
In order to get further insight into the mechanisms responsible for the suppression of the elastic cross section and the sizable break-up probability, the experimental data are compared with two different theoretical formalisms.
First, semiclassical calculations, performed in Ref. [15] and based on the Alder and Winter approximation of Coulomb excitation [25] , were considered. In this model, a classical treatment of the trajectory of the incident particle is considered, while its excitations are treated quantummechanically. Due to the large B(E1) strength of 11 Li at low excitation energies reported by several Coulomb dissociation experiments [6] [7] [8] [9] , we expect a dominance of the electric dipole Coulomb couplings at small angles and/or low incident energies. For a pure E1 process, the first-order semi-classical theory gives the break-up probability
where I 1, ±1 (θ, ε) are the Coulomb integrals [25] and Z A the target charge.
The main physical ingredient entering this expression is the B(E1) distribution connecting the ground state of the 11 Li nucleus with the continuum states, dB(E1)/dε. If, for example, the experimental dB(E1)/dε obtained by Nakamura et al [9] is used, one obtains the result given by the dotted line in Fig. 5 . This calculation reproduces well the trend of the data for θ lab 40 • and confirms the dominance of the dipole Coulomb mechanism. However, the magnitude of the breakup probability is somewhat underestimated, suggesting that either i) other mechanisms are contributing (e.g. higher-order Coulomb couplings, nuclear breakup, etc) or ii) the dB/dε strength in 11 Li is even larger than that reported by Nakamura et al . It is worth noting that these calculations consider only Coulomb couplings and hence they are not expected to be valid at large scattering angles, where nuclear effects are possibly present. Since these semiclassical calculations consider only Coulomb couplings, and only to first order, we have performed also more complete three-body (3b) and four-body (4b) CDCC calculations. The CDCC formalism takes into account both nuclear and Coulomb couplings to all orders and hence are not restricted to small angles. Furthermore, the CDCC calculations provide also the elastic cross sections, in addition to the breakup observables. The four-body CDCC calculations (denoted 4b-CDCC for shortness) make use of a three-body model of 11 Li with an inert and spinless 9 Li core. This model gives rise to a low-lying dipole resonance, but its position cannot be accurately predicted by the model, since it depends critically on the effective three-body force required in this model to account for effects beyond the three-body assumption. In particular, for the neutron configuration J π nn = 0 + , the strength of the three-body force is adjusted to reproduce the experimental two-neutron separation energy. The three-body CDCC calculations (3b-CDCC hereafter) use a two-body (di-neutron) model for the 11 Li nucleus ( 9 Li+2n). In both cases, the set of coupled equations are solved with the coupled-channels code fresco [26] . . With this value, both the elastic cross section and breakup probability are very well described. Thus, the high break-up probability of 11 Li can be explained considering a direct break up mechanism. For the 3b-CDCC calculations, the 2n-9 Li interaction was adjusted in order to give the correct rms separation between the center of mass of the two halo neutrons and the core (according to the prediction of the three-body model of 11 Li) and a dipole resonance at E x = 0.69 MeV. The results are shown in Figs. 4 and 5 by dashed lines. The breakup probability is also well reproduced, although some underestimation is observed, at backward angles, in the elastic cross sections.
In Fig. 6 , the two B(E1) distributions obtained with the di-neutron (red dashed line) and three-body model (blue solid line) of 11 Li are compared with the experimental distribution deduced from the latest Coulomb dissociation experiment performed at RIKEN [9] . A large narrow strength at low excitation energies of the B(E1) distributions, considering a di-neutron model of 11 Li, is observed. This behavior affects the elastic cross section and the break-up probability, producing the underestimation of the experimental data mentioned before. However, the two models of 11 Li, which reproduce the experimental data of Refs. [15] and [22] (Figs. 5 and  4, respectively) , suggest more strength of the B(E1) distribution than the one reported from the RIKEN experiment [9] . In general, the breakup probability depends on the structure of the projectile nucleus ( 11 Li in our case) as well as on the characteristics of the reaction (target, energy of the collision, scattering angle, nuclear and Coulomb forces). Thus, disentangling structure information, such as the B(E1) distribution, from the measured cross section is a difficult task. In [15] , we proposed a novel procedure that permits constraining the behaviour of the B(E1) distribution in a model-independent way. For that purpose, it is convenient to introduce the so-called reduced breakup probability, defined as
Within the semiclassical framework, the breakup probability is given by Eq. (2) and hence the reduced breakup probability yields
where t is the so-called collision time and is given by the equation
).
So, when the first-order semi-classical approximation is valid, the reduced breakup probability is completely determined by the B(E1) distribution, and is independent on the scattering energy, or the target properties. Expression (4) can be simplified further for small scattering angles (i.e. large collision times) since in that case the exponential appearing in this expression cancels the contribution of large excitation energies and hence the result of the integral is mostly determined by the values of the B(E1) close to the threshold. Approximating the B(E1) by a linear function [15] , one can perform the integral explicitly to obtain
where ε b can be interpreted as an effective break-up threshold, while the parameter b is associated with the slope of the B(E1) distribution at low excitation energies. Further details can be found in Ref. [15] . In Fig. 7 , the experimental reduced breakup probabilities, obtained from the present breakup data, are compared with the theoretical results, obtained with the 3b-CDCC (red lines) and 4b-CDCC (blue lines) calculations. The solid and dashed lines correspond to the calculations at 24.3 and 29.8 MeV, respectively. The corresponding calculations are in good agreement between themselves and with the experimental data. Calculations and experimental data are very well fitted by the scaling property predicted by Eq. (6) [15] . The reduced breakup probabilities obtained with the semiclassical calculations, making use of the experimental B(E1) distribution of [9] , are also shown (black lines) in Fig. 7 . These calculations are found to underestimate the experimental reduced breakup probability, thus suggesting that the actual B(E1) strength could be even larger than that reported in Ref. [9] .
Conclusions
A simultaneous analysis of the elastic and break-up channels of the 11 Li+ 208 Pb reaction at incident energies below (24.3 MeV) and around (29.8 MeV) the Coulomb barrier (V B ≈28 MeV) has been presented. The weakly bound structure of 11 Li gives rises to interesting phenomena in the collision with a heavy target like 208 Pb, such as a large suppression of the elastic cross section (with respect to the Rutherford formula) and a large yield of 9 Li fragments. Semiclassical calculations, based on the first-order theory of Alder and Winther for Coulomb excitation for a pure E1 excitation, and whose main ingredient is the B(E1) distribution of 11 Li, confirm that the large 9 Li cross section arises from a Coulomb breakup mechanism, mainly due to the strong dipole Coulomb couplings stemming from the strong Coulomb interaction with the heavy target. The data have been also compared with three-body (3b) and four-body (4b) CDCC calculations. These calculations include explicitly the coupling to the breakup channels due to the Coulomb and nuclear interactions. The 4b-CDCC calculations rely on a pure threebody model of 11 Li ( 9 Li+n+n), while the 3b-CDCC calculations use a simple two-body model ( 9 Li+2n). These calculations reproduce simultaneously the elastic and breakup data, although the results are very sensitive to the exact location of the dipole resonance in 11 Li predicted by this three-body model. Although the total B(E1) strength predicted by the di-neutron model is similar to that obtained in the more realistic three-body model, most of the B(E1) strength is concentrated in the region of the dipole resonance. The 3b-CDCC calculations based on this model reproduce reasonably well the breakup probability and the elastic cross section. Both sets of calculations suggests a large B(E1) strength at low excitation energies, even larger than that obtained from previous Coulomb dissociation experiments [9] .
The analysis of the experimental energy and angular distributions of the 9 Li particles coming from the reaction 11 Li+ 208 Pb , currently in progress, will allow us to study, in detail, the breakup channels, which will help us to understand better the mechanisms that produce the break-up of the projectile. Due to the difficulties to calculate these observables within a full four-body reaction model, these calculations will be firstly done with the much simpler di-neutron model. These results will be presented elsewhere.
